tify a polariton BCS state and show that, while it shares many spectral signatures nearly identical to those of a polariton BEC, it is unambiguously distinguished from a BEC by the fermionic nature of the gain as the mechanism for symmetry breaking. It is also distinguished from a photon laser as bound electronic states persist, manifested as an emission line that remains narrow, and an emission frequency that evolves continuously with pump density and remains much lower than the cavity resonance. To clarify the microscopic mechanism of the observed polariton laser, we develop a many-particle theory for the Coulomb correlated electron, hole and photon system. The theory correctly predicts the experimentally observed emission frequency and absorption spectra, and reveals distribution functions and inter-band polarizations resembling those of an ideal (T=0K) polariton BCS states 12, 13 , but modified by cavity dissipation and thermal dephasing.
To access the electronic media in the presence of polariton lasing, we use a cavity that simultaneously supports weakly-and strongly-coupled modes which, importantly, are in orthogonal linear polarizations. Schematics of our cavity system are shown in Fig. 1a . The top-mirror of the λ/2 cavity is made of a high-contrast sub-wavelength grating. The grating has very high reflectivity for transverse-electric (TE) polarized light, but low for transverse-magnetic (TM) polarized light (see Supplementary Information for the simulated reflectivity of the grating and electric field distribution in the cavity). As a result, TE polaritons are formed (Fig. 2a, Fig. S7 ) while TM excitons and photons remain in the weak-coupling regime (Supplemental Information Fig. S4 , Fig. S5 ) 22 . In this configuration, we can access the reservoir (or bath) of the TE modes through the TM modes, as we explain below. Firstly, we use a linearly polarized non-resonant continuous-wave optical pump to supply a hot carrier population about 30 meV above the polariton resonance. These hot carriers thermalize and form a reservoir for both TM and TE polaritons/excitons. This is confirmed by the observation of equal TE and TM emission outside the grating independent of the pump polarization (see Supplementary Information for the data and additional theoretical discussions). Secondly, the weakly-and strongly-coupled modes differ only over a small range of in-plane wavenumbers k near k = 0, where the TE ground state polariton density is estimated to be 10 −4 of the total carrier density below threshold and ∼ 10 −2 even at the highest power used. This ensures the TE and TM modes share essentially the same electron and hole reservoirs, despite very different dispersions and decay rates of the TE and TM modes near k = 0. Hence, via polarization-resolved spectroscopy, we can access simultaneously the optical properties of the polariton system and its underlying electronic media.
We measure two distinct types of lasing transition for the TE-polarized modes in devices with different cavity-exciton detunings. In devices with negative to small positive detunings, polariton lasing was measured with features akin to a typical polariton BEC or polariton laser (top row in Fig. 2 ). In more blue-detuned devices, we observe clear features of a photon laser (bottom row in Fig. 2 ). We show an example of each in Fig. 2 and label them device I and II, respectively (see Supplementary Information for the corresponding TM spectra and animations of detailed evolution of the spectra with power for the polariton and photon lasers). Both device I and II show clean, discrete TE lower polariton modes at low excitation densities (Fig. 2a, left) . At higher pumping densities, both devices reach a lasing transition, but they show distinct features in spectral linewidth and shift, one consistent with a polariton laser while the other a photon laser.
In device I, the ground state remains distinct throughout the measured densities, with only slight line-broadening below threshold and resolution-limited linewidth above threshold. Its frequency blue-shifts continuously with power and remains well below the cavity or exciton resonances (Fig. 2a,c, top) . These features suggest the ground state remain as a coupled state between electron-hole pair and photon; they are the same as widely reported for polariton BECs in the literature 19, 23, 24 .
In stark contrast, in device II, the lower polariton modes disappear as the pumping density increases (Fig. 2a , bottom middle panel, also see real-space spectra in Supplemental Information).
A mode with a rather broad linewidth emerges near the cavity resonance frequency near the threshold and becomes pinned at the cavity frequency above threshold (Fig. 2c, bottom) . These features are fully consistent with the dissociation of any bound state before transition to photon lasing. The result suggests that electron-hole plasma is formed in device II before it reaches a phase transition threshold. This may be because of both a heavier effective mass of the lower polaritons in device II that leads to a higher threshold density, and a larger exciton fraction that leads to stronger scattering-induced dephasing.
Similar photon lasing transitions in polariton cavities have also been studied in earlier works 20, 25, 26 .
Like in our observations, the photon lasing transitions were accompanied by significant linewidth broadening, many times more than that of a polariton lasing transition 20, 26 , as is consistent with the disappearance (retaining) of a bound state for photon (polariton) lasing transition. In some of these works, the photon lasing frequency was reported to be below the original cavity resonance when the detuning is within about ±10 meV, which was attributed to a red-shift of the cavity resonance at high carrier densities 25, 26 . However no quantitative models were given to explain such a shift;
and the carrier densities are likely much higher than used in this study. The detuning of our device I and II are similar in magnitude, -2.4 meV and +3.5 meV, respectively; in device II, photon lasing takes place close to the original cavity resonance despite a higher threshold density than that of device I. This confirms that there is negligible shift of the cavity resonance in our devices at the carrier densities we used.
While devices like device I show spectral features distinct from a photon laser and similar to a polariton BEC, the absorption spectra of their electronic media reveal a many-body phase different from BEC. As described above, with linear polarization selectivity of the cavity, we are able to probe the electronic gain of the strongly coupled TE mode via the weakly coupled TM mode using time-resolved reflectance of a pulsed probe laser (see Methods for more details). As shown in Fig. 3a , without pump, we measure TM absorption at the exciton resonance below the band continuum and above the TE polariton energy. With increasing pump power but still below threshold, the exciton resonance disappears into the absorption edge of the band continuum. This implies that there is strong screening and band gap renormalization to lower energies, and that the carrier density is already near the Mott density. Close to threshold, a peak above unity emerges; its height and width increase with further increase of the pump power (Fig. 3a inset) . This shows optical gain due to population inversion. Corresponding TE emission and reflection spectra are provided in the Supplementary Information.
We summarize in Fig. 3b the evolution of the resonances and gain with the pump power.
The TM exciton resonance blue-shifts with increasing pump power but quickly broadens and becomes non-resolvable, corresponding to the Mott transition at moderate pump power well below threshold. In contrast, the discrete TE resonance continues to exist despite the Mott transition and the presence of gain in TM; it blue-shifts continuously with increasing carrier density throughout the pump powers used. Lasing takes place as the polariton ground state frequency enters the gain region and the frequency stays within the gain region at higher pump power, showing clearly a lasing transition driven by fermionic population inversion.
The total carrier density per quantum well (QW) at threshold is estimated to be n th ∼ 4 × 10 11 cm −2 > n M ott (see Methods for details), consistent with the onset of population inversion and fermionic gain. We note that density estimates in polariton systems typically carry large uncertainties; therefore they should be used not for identification of the many-body phases but rather as a consistency check. In our experiment, regardless of the exact value of the density, the carrier reservoir that screens the electron-hole interaction in the TM exciton also screens the electron-hole interaction in the TE polariton; hence the direct observation of the Mott transition in TM confirms the fermionic nature of the gain medium.
To analyze the microscopic picture underlying the experimental observation, we develop a theory based on a non-equilibrium Green's function approach to treat self-consistently the entire fermionic system as an open dissipative and pumped system. The theory needs to correctly predict both the frequency shift due to density-dependent Coulomb interaction effects and the onset of fermionic gain even at the presence of Coulomb interactions. The latter requires the ability to avoid artifacts in the gain spectra 27 , which we achieve by including electronic correlations due to screening and the resulting partial cancellation of self-energy and e-h vertex contributions (c.f. Ref. 28 ). Early theories that laid the foundation of the concept of polariton BCS states used localized 2-level states represented as fermions to model the electronic system 11 . Later work considered a realistic electronic band structure and 2-dimensional Coulomb interaction in the Hartree-Fock approximation 12, 13 , but was limited to a closed, quasi-equilibrium, T=0K polariton system, which we call an "ideal polariton BCS state". A more recent work considered an open, dissipative and pumped system, but utilized a contact potential rather than a 2-dimensional Coulomb potential 29 . Since BCS states are characterized by strong correlations among electrons and holes widely distributed in the configuration space, we use in our theory the 2-dimensional Coulomb potential and electronic correlations and thereby extend the description of the electronic system in 12, 13, 29 beyond the Hartree-Fock approximation. We also treat the two linear polarization components (TE and TM) fully self-consistently. The incoherent pump is parameterized by the pump density n p .
Full details of the theory are given in the Supplementary Informaiton. The results reproduce all observed experimental features with excellent quantitative agreement. For the TM exciton, we obtain a blue-shift accompanied by strong band gap renormalization.
At n p ∼ 0.1n M ott , the exciton merges with the renormalized band gap and dissociates, which corresponds well to the observed disappearance of the exciton resonance into band-edge absorption.
Further increasing density, we obtain gain due to population inversion, in agreement with the measured gain in TM field.
Gain in the TM field implies directly gain in the TE field. This is because the equations for the TE and TM interband polarization differ only in that they contain different light field amplitudes.
The Coulomb interaction terms as well as the distribution functions that enter the equations, for example as the inversion or Pauli blocking factor, are the same. Therefore, TE lasing is expected as the polariton resonance enters the gain region, as is observed experimentally (Fig. 3b) .
The Mott transition and fermionic gain reproduced by the theory confirm that the observed lasing transition is not an exciton-polariton BEC. At the same time, Coulomb effects continue to play a substantial role in the laser, rendering characteristics distinct from the photon laser but similar to the ideal polariton BCS state. A first manifestation is the spectral shift of the lasing state.
As shown in Fig. 3c and in agreement with experimental results, the TE mode frequency shows a continuous blue-shift across the threshold, remaining significantly below that of the photon laser but tracking closely the ideal BCS state. In comparison, with Coulomb interactions turned off, we obtain photon lasing near the cavity frequency similar to the observed photon lasing in device II.
With the theory reproducing quantitatively the spectral properties measured in the experiment, we furthermore use the theory to examine the reciprocal-space carrier distribution functions f (k) and the electron-hole interband polarization |P (k)|, which characterize the microscopic mechanism of the lasing transition. As shown in Fig. 4 , both f (k) and |P (k)| of the polariton laser are qualitatively similar to those of an ideal BCS state but different from those of a photon laser.
As seen in Fig. 4a, f (k Lastly, we estimate the BCS gap corresponding to the minimum pair-breaking excitation energy 2 min k E xc (k). The phenomenological estimate uses the same formal expression of the excitation energies of electrons and hole in BEC/BCS state E xc (k) and a minimization with respect to k. As shown in Fig. 4c , the pair gap opens at a density corresponding to the BCS regime (see Fig 3c and increases to about 7 meV at twice threshold. From Fig. 4c we see that the gap is substantially smaller than that in the ideal system, which is expected due to cavity dissipation and dephasing and is consistent with the reduced order parameter |P (k)|. Such a reduction of the gap due to losses was predicted in Ref. 30 . Further discussion and results for the dependence of our phenomenological gap estimate on the dephasing rate are given in the Supplementary Information.
Our present experiment is not sensitive to non-lasing states within the stop band of the cavity and hence cannot measure the gap. Experiments to directly probe the BCS gap may include intra-band terahertz spectroscopy 31 . We caution that an experimental observation of a gap in the excitation spectrum is by itself insufficient to identify a BCS-like state, and theoretical analysis will be needed to distinguish between a BCS gap and spectral hole burning in a photon laser.
In conclusion, we demonstrate a BCS-like polariton lasing state. We summarize our results in Fig. 1e , where we highlight in green (blue) the properties we used to distinguish our BCS-like polariton laser from a polariton BEC (photon laser). The BCS-like polariton is different from a photon laser by the preservation of a bound state, in the form of an e-h-polariton, manifested in spectral features including an emission linewidth that remains narrow and emission frequency well below the cavity or exciton resonance frequencies without sudden shifts. These spectral features are distinct from a photon laser but closely resemble a polariton BEC. However, we unambiguously distinguish our system from a BEC-like state by measurement of the absorption spectra of Time-resolved two-color pump-probe measurement The sample is excited at 784 nm, about 30 meV above the exciton resonance, with a continuous wave (cw) laser focused to a Gaussian spot of about 3 µm in diameter at the center of the square grating. We use a TM-polarized pump to achieve higher absorption efficiency since this wavelength is still inside the stop-band of the grating for the TE polarization.
A TM-polarized resonant pulsed laser of less than 150 fs pulsewidth is used as a probe and is spatially overlapping with the pump. To measure the PL without the probe, spectrally resolved real-space and Fourier space images of the emission are collected via a 4f confocal relay into a spectrometer. For absorption measurements, both the reflected probe and the emission from the cavity system are sent to a streak camera after going through a monochromator. The reflected probe appears as a resolution-limited sharp peak in time in the streak image whereas the PL is cw and has uniform intensity in time. Hence, the PL is readily subtracted from the reflection. We integrate over the whole pulse to obtain the total intensity of reflected pulse, which is then divided by the reflection spectra from a reference gold mirror to produce the reflection spectra of the microcavity system.
Measuring the bandwidth of the optical gain To determine the gain bandwidth requires measurement of the absolute reflectivity, which we obtain by a two-step calibration process. We first calibrate the reflectivity by normalizing the reflected pulse laser intensity on the sample to that on a gold mirror mounted in the cryostat next to the sample. There is still error due to imperfect reflection from the gold mirror as well as laser fluctuation and slight changes in the optical path when moving between the sample and the mirror. We then estimate and correct for the error using a spectral regime well below any cavity resonances but still inside the DBR stop band, where the reflectivity should be unity at no or low pump powers. As shown in Fig. 3a , such a spectra region corresponds to 1.53 − 1.54 eV, where the reflectivity is close to 1 and vary within about 2.4%.
Hence we use the mean of the reflectivity in this spectral region between 0 µW to 500 µW pump power as a reference of unity. This allows us to accurate determine deviation from unity in the reflection spectra.
Gain is identified where a local maximum of the reflectivity between 1.54 − 1.55 eV is above unity as determined from above. The uncertainty of the gain boundary is estimated by dividing the standard deviation σ of the reference reflectivity by the local slope at the boundary.
Estimating the carrier density in the experiments We estimate an experimental pump density, corresponding to the pump density n p in the theory, based on the absorption of the pump laser and the photoluminescence (PL) decay time of the TM polarized emission:
Here Φ pump is the population of carriers excited by the pump in unit time. P is the pump laser power measured before the objective lens. η = 0.7 is the transmission of the objective lens; α is the total absorption of the pump; hc/λ is the photon energy at the excitation wavelength; τ is the average lifetime of carriers. A is the diffusion area of the carriers measured from real-space PL (example and pump power dependence given in Section. II), and N QW is the number of QWs in the cavity. To determine α, we measure independently the reflectivity of a TM-polarized laser at the excitation wavelength of 784 nm. At this wavelength, the top mirror has low reflectivity; the bottom mirror has very high reflectivity and there is negligible transmission through the bottom mirror and therefore negligible absorption in the substrate. The materials of the DBR and grating layers also have larger band gap than the QWs and their absorption should be very small and is ignored. We assume the pump laser is either reflected, or absorbed by the QWs, and obtain α = 1 − R. α and A vary among different devices. For the device shown in Fig. 3 of the main text, α ∼ 0.3 and A ∼ 32 µm 2 . We determine τ from the decay time of TM emission, measured by time-resolved PL of the TM emission with a pulsed excitation laser centered at the same wavelength as the cw pump laser used in the main measurement. It is found to be around 600 ps with the excitation power ranging from 1 µW to 300 µW. Non-radiative processes are ignored.
Below threshold, in the linear regime, the steady-state carrier density n carrier is equal to the pump density n pump . Above threshold, it is necessary to account for the strong, superlinear emission from the lasing mode. We assume that all decay processes other than the laser emission are still linear and proportional to the carrier density. Therefore, we subtract the emission rate of the laser Φ laser from the pump to get an estimate of the carrier density:
Here N c is the collected photon count from the emission of the lasing mode, η col = 2.85 × 10 −3 is the independently calibrated total efficiency, and A k mode /A k col ∼ 7.5 is the ratio of the area of the lasing mode to the area of collection in Fourier space, which also varies among devices.
In this density estimation, quantities P , λ, N QW , η, η col , R, τ , and N c are directly measured. 
